Abstract: Low-temperature radiant heating systems can be considered as suitable candidates for the refurbishment of old heating systems. These systems are proven to save energy, however, their drawback is their impact on the creation of radiant temperature asymmetry and local thermal discomfort, especially in old buildings where the temperatures of surfaces (for example external walls with a low level of insulation and large windows) are low. This study aims to evaluate the potential application of low-temperature radiant ceiling heating systems (28-38 • C) in old and energy-renovated buildings, based on subjective experiments and thermal comfort criteria such as thermal sensation, comfort, satisfaction, and sensation asymmetry votes. Later, in the Discussion section, the guideline for the radiant temperature asymmetry for the warm ceiling presented in ASHRAE Standard-55 is corrected for relatively low air temperatures and different surface temperatures corresponding to "about neutral" conditions for winter clothing. Findings of this research show that the radiant ceiling heating system operating at low temperatures (33-38 • C) can provide fairly neutral thermal sensation and satisfactory comfort at the majority of body-parts, if the building envelope satisfies advanced building energy-efficiency regulations. Additionally, the experimental analyses imply that limitation of 5% suggested by ASHRAE-55 for the percentage of dissatisfied occupants feeling uncomfortable due to overhead radiation can be elevated to 10%.
Introduction
Heating ceiling systems as a type of radiant heating systems are criticized for causing asymmetric thermal conditions and local discomfort [1, 2] . This issue has been addressed by a few systematic studies [3] [4] [5] [6] ; however, a globally accepted criterion for radiant asymmetry with minimum dissatisfaction has not been defined. ASHRAE Standard-55, 2017 [7] only published a guidance, based on the studies done by Fanger and his team [5, 8] , to determine the maximum allowable radiant temperature asymmetry based on the percentage of dissatisfied people. In these studies, the influence of radiant heating ceiling system and the asymmetry on the thermal discomfort was tested in neutral conditions when sixteen participants were wearing summer clothing. The minimum (about zero) asymmetry temperature was obtained for the ceiling surface temperature of about 24 • C that was about the room air and other surfaces' temperatures. The increased ceiling surface temperature was balanced by a decrement of air and wall temperatures in a way that the operative temperature at the height of 60 cm was kept constant at about 24 • C. At this neutral operative temperature, the ceiling surface temperature was increased from 24 • C to 65 • C in five steps, which adversely affected thermal satisfaction. They suggested that the 5% of dissatisfaction is a limit for allowable radiant temperature asymmetry. This limit (5%) was inspired by the predefined 1.
Does the low-temperature radiant heating systems have the potential to be applied in a building with a window/façade that has poor or high thermal performance? In another word, to what extent can the application of the low-temperature radiant heating ceiling system and the cool/warm window provide thermal comfort for the occupants? 2.
How does a type of glazing can influence the local thermal comfort criteria? 3. To what extent can the ceiling surface temperature of a heating system be reduced to diminish the radiant temperature asymmetry? 4.
Finally, is the guidance for warm ceiling and cold vertical surface presented in ASHRAE-55 generalized for another room boundary and air conditions as well as different clothing insulation?
The goal of this study is addressing the aforementioned questions by means of subjective experiments. The next section of this paper is allocated to describe the methods. The Results section of this paper reports the analysis of experimentally obtained local thermal sensation and comfort votes, analyses for the discomfort limits based on the radiant temperature asymmetry, and the thermal sensation asymmetry in connection to the twelve scenarios; and Section 4 summarizes the results of this work and draws conclusions.
Methods
A set of subjective experiments in a controlled condition was designed in order to evaluate the influence of low-temperature radiant heating ceiling systems on the thermal comfort criteria in response to the quality of facade. The following sections describe the indoor climate test-facility, the experimental design, and the measurements.
Experimental Facilities
The experiments were performed in an indoor climate test facility (called LOBSTER) located at the Karlsruhe Institute of Technology (KIT) (Figure 1) . A detailed description of the test facility was reported by Wagner et al. [21] . The acronym LOBSTER stands for the Laboratory for Occupant Behavior, Satisfaction, Thermal comfort, and Environmental Research. The LOBSTER is a rotatable structure consisting of two test-rooms (4 × 6 × 3 m 3 ) that are connected to the outdoor environment via windows (total area = 12.6 m 2 , U-value = 0.7 W/m 2 ·K) and a small preparation room for acclimation. The rooms' surfaces are cooled or warmed by hydronic capillary tubes. Using this combination, the room surfaces can operate at different temperatures acting as heat sinks and heat sources. In order to minimize the effect of solar radiation on the window temperature and participants, the façade was rotated to the north. 
Experimental Procedures

Setting the Room Surface Temperatures
We have learned from the pilot experiments conducted during the winter of 2016 [22] that the internal surface temperatures of the window and the exterior wall were highly dependent on the indoor air and the room surface temperatures, and their temperatures could not be less than 17.5 °C. This was because of the following facts:
(i) the U-value of the window and the façade below the window were relatively low (with the Uvalues of 0.7 and 0.2 W/m 2 ·K, respectively), (ii) The internal surface of the window and façade absorbed radiation from the room surfaces, particularly from the warm radiant ceiling, and (iii) The outside air temperature was between −2 °C and 11 °C, which was relatively high for this period of winter.
Therefore, in order to imitate a poorly insulated façade with relatively cold temperatures and a high-performance façade with relatively warm temperatures, the interior south wall in the two rooms was selected to act as an artificial window and external façade. In this set of experiments, the south/front wall in room-A was cooled to 15.5 °C in order to simulate the poor performance window and the south/front wall in another room (room-B) was set to 19 °C for imitating a window with high thermal performance. The lower part of the south wall was insulated for imitation of a façade having a higher temperature.
The rooms' internal surfaces including the floor and walls were set to 20 °C in order to simulate the surface temperatures of a living room in a building with standard building envelope elements, an intermittent heating system, and the controlled room air temperature between 19 and 21 °C. The surface temperatures kept constant for the three predefined ceiling temperatures (28, 33 and 38 °C) for consistency in analyses of subjective votes and validation of future CFD models (see Table 1 ). 
Experimental Design
The experiments were performed with 30 young subjects (19-30 years old) including 14 females and 16 males. The experiments took place in three subsequent weeks from 4-22 December 2017. 
Experimental Procedures
Setting the Room Surface Temperatures
We have learned from the pilot experiments conducted during the winter of 2016 [22] that the internal surface temperatures of the window and the exterior wall were highly dependent on the indoor air and the room surface temperatures, and their temperatures could not be less than 17.5 • C. This was because of the following facts:
(i) the U-value of the window and the façade below the window were relatively low (with the U-values of 0.7 and 0.2 W/m 2 ·K, respectively), (ii) The internal surface of the window and façade absorbed radiation from the room surfaces, particularly from the warm radiant ceiling, and (iii) The outside air temperature was between −2 • C and 11 • C, which was relatively high for this period of winter.
Therefore, in order to imitate a poorly insulated façade with relatively cold temperatures and a high-performance façade with relatively warm temperatures, the interior south wall in the two rooms was selected to act as an artificial window and external façade. In this set of experiments, the south/front wall in room-A was cooled to 15.5 • C in order to simulate the poor performance window and the south/front wall in another room (room-B) was set to 19 • C for imitating a window with high thermal performance. The lower part of the south wall was insulated for imitation of a façade having a higher temperature.
The rooms' internal surfaces including the floor and walls were set to 20 • C in order to simulate the surface temperatures of a living room in a building with standard building envelope elements, an intermittent heating system, and the controlled room air temperature between 19 and 21 • C. The surface temperatures kept constant for the three predefined ceiling temperatures (28, 33 and 38 • C) for consistency in analyses of subjective votes and validation of future CFD models (see Table 1 ). Figure 2 presents 12 scenarios which were designed based on three main factors including the ceiling surface temperature, the artificial window temperature and the distance to the window. The radiant ceiling was set to three values of 28, 33 and 38 • C, two temperatures of 15.5 and 19 • C were assigned to the artificial window (front wall) and the distances to the artificial window are 1 m and 3 m. Figure 3 shows the schematic of two test-rooms including the set boundary conditions (given in Table 1 ) and the positions of the participants in respect to the relatively cool and warm front walls (artificial windows). The participants were positioned in a symmetric position with respect to the two sidewalls with the temperatures of 20 • C. The positions of the participants in the two rooms are switched according to the timeline shown in Figure 4 . It is worth noting that that the height of the room is 3 m which is not representative for apartments in Germany built after 1945; however, Griffiths and McIntyre [4] mentioned that changing the height of the warm ceiling in the order of 0.5 m does not influence the perceived thermal comfort when the ceiling surface temperature is below 38 • C. Figure 2 presents 12 scenarios which were designed based on three main factors including the ceiling surface temperature, the artificial window temperature and the distance to the window. The radiant ceiling was set to three values of 28, 33 and 38 °C, two temperatures of 15.5 and 19 °C were assigned to the artificial window (front wall) and the distances to the artificial window are 1 m and 3 m. Figure  3 shows the schematic of two test-rooms including the set boundary conditions (given in Table 1 ) and the positions of the participants in respect to the relatively cool and warm front walls (artificial windows). The participants were positioned in a symmetric position with respect to the two sidewalls with the temperatures of 20 °C. The positions of the participants in the two rooms are switched according to the timeline shown in Figure 4 . It is worth noting that that the height of the room is 3 m which is not representative for apartments in Germany built after 1945; however, Griffiths and McIntyre [4] mentioned that changing the height of the warm ceiling in the order of 0.5 m does not influence the perceived thermal comfort when the ceiling surface temperature is below 38 °C. Figure 4 presents the timeline for daily experiments. After arrival, the participants were requested to have a seat the anteroom for acclimation, introduction of experiments, attachment of sensors and filling the daily background questionnaires. Participants were requested to keep the winter cloth (corresponding approximately 1.0 clo) and to not drink and eat during the experiments. Learning from our pilot study and former studies [23, 24] , the period of 15-30 min can be sufficient for acclimation to have a stable skin temperature. After 30 min, the four participants were asked to enter the test-rooms, to be sedentary at their positions ( Figure 3b ) and to answer the first short Figure  3 shows the schematic of two test-rooms including the set boundary conditions (given in Table 1 ) and the positions of the participants in respect to the relatively cool and warm front walls (artificial windows). The participants were positioned in a symmetric position with respect to the two sidewalls with the temperatures of 20 °C. The positions of the participants in the two rooms are switched according to the timeline shown in Figure 4 . It is worth noting that that the height of the room is 3 m which is not representative for apartments in Germany built after 1945; however, Griffiths and McIntyre [4] mentioned that changing the height of the warm ceiling in the order of 0.5 m does not influence the perceived thermal comfort when the ceiling surface temperature is below 38 °C. Learning from our pilot study and former studies [23, 24] , the period of 15-30 min can be sufficient for acclimation to have a stable skin temperature. After 30 min, the four participants were asked to enter the test-rooms, to be sedentary at their positions ( Figure 3b ) and to answer the first short Figure 4 presents the timeline for daily experiments. After arrival, the participants were requested to have a seat the anteroom for acclimation, introduction of experiments, attachment of sensors and filling the daily background questionnaires. Participants were requested to keep the winter cloth (corresponding approximately 1.0 clo) and to not drink and eat during the experiments. Learning from our pilot study and former studies [23, 24] , the period of 15-30 min can be sufficient for acclimation to have a stable skin temperature. After 30 min, the four participants were asked to enter the test-rooms, to be sedentary at their positions ( Figure 3b ) and to answer the first short questionnaire using the tablets. The 2nd short questionnaire (similar to the 1st questionnaire) popped up at the screen after 15 min and the last comprehensive questionnaire popped up after 45 min. During the experiments, the subjects' skin temperature at eight body positions suggested by EN-ISO 9886 (ISO 9886 2004) and the thermal environmental parameters of the room such as air velocity, air temperature, air humidity and globe temperature at three heights near to the participants and room surface temperatures were measured with the time-resolution of 1 min. A within-subject experimental design was chosen, meaning that the same people attended different scenarios in three different weeks. Each week, one ceiling surface temperature was tested and each day, four participants each attended the morning and afternoon sessions. In each session, four participants tested both rooms with two different front walls' (artificial window) temperatures according to Figure 4 . However, the two participants in each room stayed in the same positions in respect to the front artificial window, so that a group of two participants always sat at the front seat and another group always sat in the back.
The final comfort questionnaire was relatively long and included questions about the overall and local thermal sensation, overall and local thermal comfort, thermal sensation preference, humidity acceptance and preference, air quality, perceived room air temperature, asymmetric body temperature, and thermal satisfaction. However, in this paper, we focused on the analyses of subjective thermal sensation and comfort votes, thermal asymmetry and thermal satisfaction. Table  2 presents comfort scales about thermal sensation (ASHRAE 7-point scale) and thermal comfort (4-point scale). The 10 body parts were selected based on the suggested 8 body points proposed by EN-ISO 9886 and an additional two positions including right foot and top of the head. The suggested 8 points are the forehead, right scapula, left upper chest, right upper arm in upper location, left lower arm in upper location, left hand and left calf. Since the side walls in the rooms had about identical temperatures (20 °C) and the participants were positioned in equal distances to the side walls, it is assumed that symmetric conditions in terms of skin temperatures and body thermal status between the right and left sides of the body was established. A within-subject experimental design was chosen, meaning that the same people attended different scenarios in three different weeks. Each week, one ceiling surface temperature was tested and each day, four participants each attended the morning and afternoon sessions. In each session, four participants tested both rooms with two different front walls' (artificial window) temperatures according to Figure 4 . However, the two participants in each room stayed in the same positions in respect to the front artificial window, so that a group of two participants always sat at the front seat and another group always sat in the back.
The final comfort questionnaire was relatively long and included questions about the overall and local thermal sensation, overall and local thermal comfort, thermal sensation preference, humidity acceptance and preference, air quality, perceived room air temperature, asymmetric body temperature, and thermal satisfaction. However, in this paper, we focused on the analyses of subjective thermal sensation and comfort votes, thermal asymmetry and thermal satisfaction. Table 2 presents comfort scales about thermal sensation (ASHRAE 7-point scale) and thermal comfort (4-point scale). The 10 body parts were selected based on the suggested 8 body points proposed by EN-ISO 9886 and an additional two positions including right foot and top of the head. The suggested 8 points are the forehead, right scapula, left upper chest, right upper arm in upper location, left lower arm in upper location, left hand and left calf. Since the side walls in the rooms had about identical temperatures (20 • C) and the participants were positioned in equal distances to the side walls, it is assumed that symmetric conditions in terms of skin temperatures and body thermal status between the right and left sides of the body was established. The experimental design and procedures were approved by the ethical and data protection committees. Additionally, informed consent was signed by the participants prior to their participation in the first day.
Measurements
Thermal environmental parameters including the air temperature, air humidity, air velocity, and the globe temperatures were measured with the time-resolution of 1 min near to the occupants at three different heights of 10, 60 and 110 cm. These heights include the occupant zone for a sedentary person [7] . The radiant and operative temperature were calculated based on the measured globe and air temperatures using the R-package "comf" [25] . Table 3 presents the mean values and standard deviations of measured indoor environmental parameters in six different cases at two positions at the height of 110cm as exemplary results. It should be noted that although the PMV is not suggested for non-uniform and asymmetry conditions, it is presented here to estimate the created thermal conditions by the warm ceiling. As presented in Table 3 , according to the PMV calculations, the room thermal condition was about "neutral" for a sedentary person having winter clothing. Figure 5 shows the instruments and the positions of sensors near the occupants. An indirect method based on view factors and room surface temperatures [26] was also used for calculation of mean radiant temperatures in asymmetric conditions. Table 3 . Mean values and standard deviations (mean ± sd) of the measured indoor environmental parameters at the height of 110 cm. CT stands for the ceiling temperature.
Scenarios
Scenario No. The experimental design and procedures were approved by the ethical and data protection committees. Additionally, informed consent was signed by the participants prior to their participation in the first day.
Measurements
Thermal environmental parameters including the air temperature, air humidity, air velocity, and the globe temperatures were measured with the time-resolution of 1 min near to the occupants at three different heights of 10, 60 and 110 cm. These heights include the occupant zone for a sedentary person [7] . The radiant and operative temperature were calculated based on the measured globe and air temperatures using the R-package "comf" [25] . Table 3 presents the mean values and standard deviations of measured indoor environmental parameters in six different cases at two positions at the height of 110cm as exemplary results. It should be noted that although the PMV is not suggested for non-uniform and asymmetry conditions, it is presented here to estimate the created thermal conditions by the warm ceiling. As presented in Table 3 , according to the PMV calculations, the room thermal condition was about "neutral" for a sedentary person having winter clothing. Figure 5 shows the instruments and the positions of sensors near the occupants. An indirect method based on view factors and room surface temperatures [26] was also used for calculation of mean radiant temperatures in asymmetric conditions. Table 3 . Mean values and standard deviations (mean ± sd) of the measured indoor environmental parameters at the height of 110 cm. CT stands for the ceiling temperature. 
Statical Analyses
The non-parametric Friedman ANOVA test was used to test differences in subjective responses between different scenarios. If the null-hypothesis at each set of scenarios is rejected for a p-value of 0.05, the differences between each pair of scenarios were evaluated by the Wilcoxon signed-rank test. The statistical analyses were performed using the R-package "stats" [27] .
Experimental Results and Discussion
Thermal Sensation Analysis
The percentages of overall thermal sensation votes (TSVs), not the local votes, in response to the twelve scenarios (given in Table 3 ) are shown in Figure 6 . In all but scenario S1, the majority of overall TSVs lay between "slightly cool, −1" and "slightly warm, +1", reaching more than 84% for three scenarios related to the ceiling surface temperatures set to 33 • C. Most of the participants voted between "slightly cool, −1" and "cold, −3" in the scenarios, where the ceiling surface temperature was set to 28 • C (S1, S4, S7, S10). Such voting behavior is most prominent for the scenario with the distance of 1m to the cool artificial window (1st), where more than 80% voted as such and less than 40% voted between "slightly cool, −1" and "slightly warm, +1". In contrast to the ceiling surface temperatures of 28 and 33 • C, more participants responded "slightly warm" as well as "warm" in all four scenarios (S3, S6, S9, and S12) with the radiant ceiling operating at 38 • C, and it is most apparent for the scenario with warm window (S9 and S12). 
Statical Analyses
Experimental Results and Discussion
Thermal Sensation Analysis
The percentages of overall thermal sensation votes (TSVs), not the local votes, in response to the twelve scenarios (given in Table 3 ) are shown in Figure 6 . In all but scenario S1, the majority of overall TSVs lay between "slightly cool, −1" and "slightly warm, +1", reaching more than 84% for three scenarios related to the ceiling surface temperatures set to 33 °C. Most of the participants voted between "slightly cool, −1" and "cold, −3" in the scenarios, where the ceiling surface temperature was set to 28 °C (S1, S4, S7, S10). Such voting behavior is most prominent for the scenario with the distance of 1m to the cool artificial window (1st), where more than 80% voted as such and less than 40% voted between "slightly cool, −1" and "slightly warm, +1". In contrast to the ceiling surface temperatures of 28 and 33 °C, more participants responded "slightly warm" as well as "warm" in all four scenarios (S3, S6, S9, and S12) with the radiant ceiling operating at 38 °C, and it is most apparent for the scenario with warm window (S9 and S12). Percentage of overall thermal sensation votes divided into 7 scales, from cold to warm, in response to 12 different experimental scenarios. S1-S12 are the twelve scenarios presented in Figure  2 and Table 3 . CW and WW denote cool and warm window; FP and RP stand for the front and rear positions; and CT is the ceiling surface temperature.
In reality, the temperature of the window is strongly associated with the window type and thereby especially its U-value. Comparing the distribution of overall TSVs shown in Figure 6 between the scenarios with cold window (S1-S6) and warm window (S7-S12) with each other, i.e., S1 with S7, S2, with S8, and so on, the temperature of the window had the highest influence on overall TSVs when the ceiling surface temperature was set to 28 °C. The window temperature's impact on the votes in the scenarios with the ceiling surface temperature of 33 °C was slightly lower, but it is still noticeable, particularly at the positions near to the window (FP: S1-S3, S7-S9). The impact of the window temperature was minimum when the ceiling surface temperature was set to 38 °C. Figure 6 . Percentage of overall thermal sensation votes divided into 7 scales, from cold to warm, in response to 12 different experimental scenarios. S1-S12 are the twelve scenarios presented in Figure 2 and Table 3 . CW and WW denote cool and warm window; FP and RP stand for the front and rear positions; and CT is the ceiling surface temperature.
In reality, the temperature of the window is strongly associated with the window type and thereby especially its U-value. Comparing the distribution of overall TSVs shown in Figure 6 between the scenarios with cold window (S1-S6) and warm window (S7-S12) with each other, i.e., S1 with S7, S2, with S8, and so on, the temperature of the window had the highest influence on overall TSVs when the ceiling surface temperature was set to 28 • C. The window temperature's impact on the votes in the scenarios with the ceiling surface temperature of 33 • C was slightly lower, but it is still noticeable, particularly at the positions near to the window (FP: S1-S3, S7-S9). The impact of the window temperature was minimum when the ceiling surface temperature was set to 38 • C.
Additionally, concerning the distance to the artificial window, the comparison among the scenarios shows that the participants sitting in the front felt cooler than the other group sitting in the rear when having other factors fixed. However, this comparison needs to be done with cautiousness, because the
participants who sat near to the artificial façade were different from the participants who sat at the rear positions. Figure 7 presents the averages of overall and local thermal sensation votes in each scenario (listed in Table 3 ). The four plots are separated based on the thermal status of artificial windows (warm and cool) and the positions of participants (front and rear positions). Each plot contains the overall and local thermal sensation votes acquired at different ceiling surface temperatures (28, 33, 38 • C). According to the PMV calculations presented in Table 3 , the overall thermal condition is within a narrow range between "slightly cool" and "neutral". Therefore, it can be assumed that the observed differences between local thermal sensation can be attributed mainly to differences in the radiant temperature asymmetry and not to those of the overall thermal environmental parameters. Figure 7 shows that, in general, the overall and local sensation had the highest values in the scenarios when the ceiling surface temperature was set to 38 • C (red lines), especially at the scenario with warm window and rear position. The lowest votes occurred at the ceiling surface temperature of 28 • C (blue lines), especially for the scenario with the distance of 1m to the cool artificial window.
In these four plots shown in Figure 7a -d, the average overall TSVs for the scenarios with the ceiling surface temperature of 28 • C (blue lines) are in the cold zone [−2.0 and −1.0]. At the ceiling surface temperature of 28 • C, the average values of votes at the upper-body parts (except hand and forearm) lay between "slightly cool, −1" and "neutral, 0", and the votes at the lower parts (except thigh) are between "cold, −2" and "slightly cool, −1". At this ceiling temperature, the temperature of the window/façade, corresponding to the type of window/façade, influenced the participants' votes slightly, and it has the minimum impact at the parts that are cool/cold. At the ceiling temperature of 28 • C as well as other temperatures, the head and forehead have the highest average value of votes compared to the other limbs which are about "neutral". The coldest parts are the feet and then hands.
At the ceiling temperature of 33 • C, in general, the average of votes at the majority of body parts except for the cold extremities (feet and hands) is about "neutral". The participants voted local feet and hands between "slightly cool, −1" and "neutral, 0" for the four group-scenarios (Figure 7a-d) . Forehead and head were slightly warmer than the other upper limbs, and the feet and the hands are the coolest limbs. The temperature of the window at the ceiling temperature of 38 • C had a minimum impact on the global and local TSVs for both positions. At this temperature, the temperature of the window slightly influenced the local thermal sensations votes at cool body parts for the participants who sat in the front positions (Figure 7a,c) , and its influence at the participants' perception who sat the front positions was weak. In general, the global and local thermal sensation votes (except feet and hands) related to the ceiling temperature of 38 • C lay between "neutral, 0" and "slightly warm, +1". At this ceiling temperature, averages of votes at cold extremities (feet and hands) were between "slightly cool, −1" and "neutral, 0", and the warmest votes at these limbs occurred for the 12th scenario shown in Figure 7d .
Comparison among these scenarios indicates that although the radiant ceiling at the temperature 38 • C provides about "neutral" conditions at majority of body parts even at extremities, the ceiling temperature of 33 • C can provide fairly "neutral" conditions at majority of body parts (except extremities) if the temperature of the envelope is relatively high (e.g., 20 • C). Such conditions occur, e.g., when standard building envelopes with relatively low U-values are applied. Table 4 presents the p-values derived from the non-parametric Friedman ANOVA test. For this test, four scenario groups were created, distinguished by the distance to the window (DW: 1 m (FP) or 3 m (RP)) and the window temperature (WT: 15.5 °C (cool) or 19 °C (warm)). Note that these groups relate to the four sub-figures of Figure 7 , e.g., scenario group-1 relates to Figure 7a . In this test, the ceiling temperature is the independent variable and the null hypothesis states that there is no significant difference in thermal sensation votes for the three ceiling temperatures (28, 33 and 38 °C) at each scenario group. As seen in Table 4 , there is a significant difference between the ceiling temperatures for overall thermal sensation at three of four group-scenarios. Table 4 presents the p-values derived from the non-parametric Friedman ANOVA test. For this test, four scenario groups were created, distinguished by the distance to the window (DW: 1 m (FP) or 3 m (RP)) and the window temperature (WT: 15.5 • C (cool) or 19 • C (warm)). Note that these groups relate to the four sub-figures of Figure 7 , e.g., scenario group-1 relates to Figure 7a . In this test, the ceiling temperature is the independent variable and the null hypothesis states that there is no significant difference in thermal sensation votes for the three ceiling temperatures (28, 33 and 38 • C) at each scenario group. As seen in Table 4 , there is a significant difference between the ceiling temperatures for overall thermal sensation at three of four group-scenarios. Table 5 presents the results of the Wilcoxon signed rank test to determine the statistical significance of the difference between each pair of ceiling temperatures. The results indicate that there is a significant difference between the ceiling temperatures of 28 • C and 38 • C for all 4 group-scenarios. It means that the overall thermal sensation votes are significantly different at the ceiling temperatures of 28 • C and 38 • C, while overall calculated PMV values (see Table 3 ) are very close to each other. Table 5 . Results from the Wilcoxon signed rank test for the overall thermal sensation at four scenario groups given in Table 4 . WT and DW stand for the window temperature and distance to the window, respectively. At the same time, in the 2nd and 3rd scenario groups, there is no significant difference in thermal sensation votes between the ceiling temperatures of 28 • C and 33 • C. Moreover, the influence of rising the ceiling temperature from 33 • C to 38 • C on the overall thermal sensation votes is insignificant for all scenario groups except the 2nd.
Additionally, the results of the Friedman test presented in Table 4 indicate that, in general, the difference in thermal sensation votes between the ceiling temperatures is insignificant for the majority of body parts in four group-scenarios, particularly the first 3 group-scenarios.
The analysis of data for local thermal sensation votes indicates that although, according to the Freidman test, there is no significant difference between some scenarios, the averages of local thermal sensation votes shown in Figure 7 varied from one scenario to another. There are some possible reasons to explain these findings: (i) the body limbs, particularly clothed limbs and non-extremities, were not sensitive to the changes of radiative room surfaces and slight changes of room air temperature [28] . These findings are in contrast with other results related to local thermal sensation and comfort done by Zhang et al. in which the averages of local thermal sensation votes strongly depend on the experimental conditions [23, 24] . They observed the significant reaction of the local body limbs to the changes of surrounding air conditions, and the local thermal sensation votes were selected as significant parameters to predict the overall thermal sensation. This contrast between the two studies may be explained by the fact that heat exchange between the local body surface and the surrounding thermal environment was only through the convection in their study, while in our experiments both radiation and convection occurred. The second reason (ii) for the insignificant difference between the scenarios might be the type of scale used for the evaluation of local thermal sensation. The thermal sensation scale is symmetrical (from "cold, −3" over "neutral, 0" to "hot, +3") and the tendency of majority of participants to select the central three categories ("slightly cool, −1" to "slightly warm, +1") is high [29] [30] [31] . Consequently, the median values of votes related to different experimental conditions are close to each other and within the central three categories (see Figure A1 in Appendix A). The closeness of the median values in different scenarios may result in insignificant differences between the median distribution and the hypothetical median. Different types of thermal sensation scales such as visual analogue scales may lead to more pronounced differences between the scenarios, but cannot be compared directly to existing data as discussed earlier [31] . The possible third reason (iii) is that the participants may vote at some body parts based on a reference (extreme) cold or warm body parts. For example, the participants may vote the chest differently if the extremities are cold or hot, even the surrounding thermal conditions around the chest are the same. It may influence the accuracy of local votes. Figure 8 presents the percentage of overall thermal comfort votes (TCVs) observed in the twelve different scenarios listed in Table 3 . The four scenarios related to the ceiling temperature of 28 • C (S1, S4, S7, S10) had the least percentage of "comfortable" and "just comfortable" votes, particularly the scenario with the cool window and a front position (S1). At this ceiling temperature, the percentage of "comfortable" and "just comfortable" votes was highest if the position of participants was 3 m away from the artificial window and a warm temperature (19 • C) of the artificial window (S10). At the ceiling temperature of 33 • C, the percentages of "comfortable" were more than the same votes at the ceiling temperature of 38 • C, except for the scenario with warm window and rear position (S11). two studies may be explained by the fact that heat exchange between the local body surface and the surrounding thermal environment was only through the convection in their study, while in our experiments both radiation and convection occurred. The second reason (ii) for the insignificant difference between the scenarios might be the type of scale used for the evaluation of local thermal sensation. The thermal sensation scale is symmetrical (from "cold, −3" over "neutral, 0" to "hot, +3") and the tendency of majority of participants to select the central three categories ("slightly cool, −1" to "slightly warm, +1") is high [29] [30] [31] . Consequently, the median values of votes related to different experimental conditions are close to each other and within the central three categories (see Figure A1 in Appendix A). The closeness of the median values in different scenarios may result in insignificant differences between the median distribution and the hypothetical median. Different types of thermal sensation scales such as visual analogue scales may lead to more pronounced differences between the scenarios, but cannot be compared directly to existing data as discussed earlier [31] . The possible third reason (iii) is that the participants may vote at some body parts based on a reference (extreme) cold or warm body parts. For example, the participants may vote the chest differently if the extremities are cold or hot, even the surrounding thermal conditions around the chest are the same. It may influence the accuracy of local votes. Figure 8 presents the percentage of overall thermal comfort votes (TCVs) observed in the twelve different scenarios listed in Table 3 . The four scenarios related to the ceiling temperature of 28 °C (S1, S4, S7, S10) had the least percentage of "comfortable" and "just comfortable" votes, particularly the scenario with the cool window and a front position (S1). At this ceiling temperature, the percentage of "comfortable" and "just comfortable" votes was highest if the position of participants was 3 m away from the artificial window and a warm temperature (19 °C) of the artificial window (S10). At the ceiling temperature of 33 °C, the percentages of "comfortable" were more than the same votes at the ceiling temperature of 38 °C, except for the scenario with warm window and rear position (S11). Percentage of overall thermal comfort votes divided into 4 scale points, from "uncomfortable" to "comfortable", in response to 12 different experimental scenarios. S1 to S12 are the twelve scenarios presented in Figure 2 and Table 3 . CW and WW denote cool and warm window; FP and RP stand for the front and rear positions; and CT is the ceiling temperature.
Thermal Comfort Analysis
At least 50% of participants voted "comfortable" for the four scenarios related to the ceiling temperature of 33 °C. At this temperature, the position of participants and the temperature of the window slightly influenced the "comfortable" votes but their effects were notable for "just comfortable" and "just uncomfortable" votes. In contrast, at the ceiling temperature of 38 °C, the "comfortable", "just comfortable" and "just uncomfortable" votes were influenced noticeably by the position of participants and the temperature of the window (differences between S3 and S6, and Figure 8 . Percentage of overall thermal comfort votes divided into 4 scale points, from "uncomfortable" to "comfortable", in response to 12 different experimental scenarios. S1 to S12 are the twelve scenarios presented in Figure 2 and Table 3 . CW and WW denote cool and warm window; FP and RP stand for the front and rear positions; and CT is the ceiling temperature.
At least 50% of participants voted "comfortable" for the four scenarios related to the ceiling temperature of 33 • C. At this temperature, the position of participants and the temperature of the window slightly influenced the "comfortable" votes but their effects were notable for "just comfortable" and "just uncomfortable" votes. In contrast, at the ceiling temperature of 38 • C, the "comfortable", "just comfortable" and "just uncomfortable" votes were influenced noticeably by the position of participants and the temperature of the window (differences between S3 and S6, and between S9 and S12). Participants felt more comfortable if they sat in a rear position and in a room with a warm window (S12). The results presented in Figures 8 and 9 clearly indicate that radiant heating ceiling systems operating with the temperatures of 33 • C and 38 • C have about equal influence on the overall thermal comfort of occupants having least "just comfortable" conditions. The comfort conditions can slightly be improved if the temperature (thermal performance) of the window/façade is increased. Figure 9 presents the average of overall and local thermal comfort votes (TCVs) at 10 body parts associated with each scenario. Similar to Figure 7 , this figure shows four groups of scenarios related to the temperature of the artificial window and the position of participants.
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(e) Figure 9 . Average of overall/local thermal comfort votes in 12 different experimental scenarios. A combination of scenarios is presented in Figure 2 and Table 3 . Each scenario group consists of the corresponding scenarios distinguished by three ceiling temperatures. As seen from the four plots, the body parts excluding the hand, calf, and feet were voted close to "just comfortable, +2" at the ceiling temperature of 28 °C. At this ceiling temperature, the extremities and the calf were on average voted between "just uncomfortable, +1" and "just comfortable, +2". Similar to the overall thermal comfort votes, the averages of local thermal votes in response to the ceiling temperatures 33 and 38 °C are about similar. At the ceiling temperatures of 33 Each scenario group consists of the corresponding scenarios distinguished by three ceiling temperatures. As seen from the four plots, the body parts excluding the hand, calf, and feet were voted close to "just comfortable, +2" at the ceiling temperature of 28 • C. At this ceiling temperature, the extremities and the calf were on average voted between "just uncomfortable, +1" and "just comfortable, +2". Similar to the overall thermal comfort votes, the averages of local thermal votes in response to the ceiling temperatures 33 and 38 • C are about similar. At the ceiling temperatures of 33 and 38 • C, it is quite unexpected to see that thermal comfort votes of the lower limbs (except foot and hand) have a similar average like the upper limbs, particularly if the artificial window temperature was 19 • C. The ceiling temperature of 38 • C provided conditions perceived as slightly more comfortable at all body limbs compared to a ceiling temperature of 33 • C and lead to a "comfortable, +3" vote at all body parts only if the 4th group-scenario took place. The results imply that improving thermal performance of the window has a positive influence in providing thermal comfort conditions for occupants.
Friedman test results indicate that there is a significant difference between the three ceiling temperature for scenario group 1 (p = 0.05) and 4 (p = 0.008). The changes in ceiling temperature have a significant influence on few limbs including the back in the 1st scenario group (related to Figure 9a) , foot in the 2nd scenario group, and hand, thigh, calf, and foot in 4th scenario group (p < 0.04). The Wilcoxon signed rank test was performed for the aforementioned scenario groups to determine whether there is a significant difference in thermal comfort votes between each pair of ceiling temperatures. The test indicates that there is a significant difference between the ceiling temperatures of 28 • C and 38 • C for all cases. There is a significant difference between 28 • C and 33 • C for the two overall thermal comfort votes (p < 0.04); however, the test suggested no significant differences between the 28 • C and 33 • C as well as 33 • C and 38 • C for the aforementioned limbs.
Thermal Sensation Asymmetry
Few studies revealed that radiant heating ceiling systems and cool windows are leading to asymmetric thermal environments, which may cause local discomfort at some body parts and reduce the perceived thermal comfort level [5, 8, 18, 32] . However, no studies have been found that analyzed the effect of a radiant heating ceiling and a cool window on the perceived local asymmetry between each pair of body parts. In this study, part of the main questionnaire was designed to enable the analysis of thermal asymmetric perception between five pairs of body-parts. These pairs were selected based on 3-D asymmetric analysis including left to right, up to down and front to back sides. The hand is also included in this comparison, because it is a cold extremity and its thermal status influences the overall satisfaction notably. For this question, participants were asked directly "please compare the two limbs in each pair; which of the body-part do you sense cooler?". The participants had the options to choose one of the limbs or "No difference". Table 6 presents the percentage of participants that selected for one of the limbs "cooler" or "no difference" under the 12 scenarios presented in Table 3 .
The answer to the pair "Hand-Foot" (two cold extremities) shows that the majority of participants voted foot as the cooler limbs, except for scenario S3. One reason for this general trend can be that the hand receives a higher amount of the warm radiation emitted from the ceiling due to the higher view factor compared to the foot. In addition, the feet exchanged heat at a relatively high rate with the cool floor (set at 20 • C) through conduction. There is no clear evidence to show the influence of the window temperature on the sense of asymmetry. However, in general, we can say that increasing the window temperature and increasing the distance of participants to the window reduces the number of votes to the "cooler foot" and moves the votes towards the perception of a cooler hand and no perceived difference. The analysis of votes for the pairs of "Hand-Head" and "Foot-Head" shows that the participants had a clear sense about the cooler limbs, which are hand and foot. The number of "cooler head" votes decreases and transfers to "No difference" and "cooler hand/foot", if the ceiling temperature increases. The temperature of the window and the position of participants did not have a clear influence on the cooler votes for these two pairs. In all scenarios, the chest had a higher percentage of cooler votes. However, the percentage of "No difference" votes increased dramatically for increased ceiling temperature. It shows that the participants were not able to sense asymmetric thermal conditions between the chest and the back at higher ceiling temperatures. A high percentage of votes for the "No difference" for "right-left" sides, and relatively equal percentage of votes for the "cooler right side" and "cooler left side" can imply that thermal conditions on both sides of the participants were symmetric. It is because the sidewall temperatures were about 20 • C and the participants were in the middle of the room in respect to the sidewalls. Such observation likely changes, in case the window is positioned on one side of a person leading to left-right asymmetric conditions. Consequently, the position of participants and the temperature of the artificial window did not have much impact on asymmetric right-left votes. 
Discussion: Analyses of Comfort Limits
In contrast to the predicted mean votes, which evaluates uniform thermal conditions based on six thermal environmental and physiological parameters, former systematic studies carried out by Chrenko [3] , McNall and Biddison [10] , Griffiths and McIntyre [4] , and Fanger and Olesen [5] predict the percentage of dissatisfied participants based on "radiant temperature asymmetry". The term "radiant temperature asymmetry" is defined as the difference between the plane radiant temperatures of two opposite sides of a small disk. Fanger [5] proposed the height of 60cm from the floor (about the height of the center of a seated person) for calculation of the radiant temperature asymmetry using a horizontal disk. Fanger and his team studied the impact of asymmetric radiation created by a warm ceiling, cool ceiling, cool wall, and warm wall on the percentage of occupants dissatisfied, which is accessible as a guidance in ASHRAE 55-2017 [5, 7, 8] . This guidance curve recommended a maximum radiant asymmetry temperature of 4K for the warm ceiling based on a limit of 5% dissatisfied.
In a similar way, we analyzed the percentage of dissatisfied participants against the radiant temperature asymmetries in the 12 scenarios (listed in Table 3 ). For these analyses, three methods were used to assess the percentage dissatisfied (PD). First, the participants were asked directly "Overall, are you satisfied at the moment with the indoor climate?". Answer options were "yes" or "no", leading directly to the observed PD. The second method followed Fanger's recommendation by which the percentage of the dissatisfied occupant was estimated by the percentage of occupants who voted "hot", "warm", "cool" and "cold" [33] . The third method is to calculate the predicted percentage of dissatisfied (PPD) based on the predicted mean vote (PMV) used for the uniform condition [33] . This calculation was done using the R-package "comf" [25] . Although the 3rd method is recommended for uniform conditions, it was used for this comparison. It should be noted that the effect of the cold draft is ignored in our analyses since the air velocity at the three heights is below 0.05 m/s (see Table 3 ).
Based on the first two methods, Figure 10 presents the percentage of dissatisfied participants based on the overall satisfaction question and the overall thermal sensation votes at different radiant temperature asymmetries corresponding different scenarios as well as the guidance curve obtained from Fanger. Figure 11 presents the values of (P)PDs obtained using the aforementioned methods. In general, the figure clearly shows the contradiction between the curves obtained in the present study and Fanger's characteristic curve. Several reasons can explain this inconsistency. As a minor difference, both studies were conducted with different clo values, where the former studies by Fanger were done with a clo value of 0.6 and ours with a clo value of 1.0. [7, 33] . The red bars are based on the direct question about overall satisfaction; whereas, the middle green bars present the PD for the method suggested by Fanger based on the overall thermal sensation votes. S1-S12 are the scenarios stated in Table 3 .
The most important reasons for this inconsistency can be found in the experimental design and operating conditions. Fanger's guidance curve was obtained based on experiments in which the operative temperature was kept at about 24 °C (probably at the height of 60 cm), which essentially guarantees thermally neutral conditions for all body parts with summer cloth. In the experiments, the increment of the ceiling temperature was balanced by a reduction of room air and wall temperatures. It was claimed that this method was suitable for simulation of most cases in practice, which may not be true for a dedicated radiant heating ceiling system. In their experiment, the [7, 33] . The red bars are based on the direct question about overall satisfaction; whereas, the middle green bars present the PD for the method suggested by Fanger based on the overall thermal sensation votes. S1-S12 are the scenarios stated in Table 3 .
The most important reasons for this inconsistency can be found in the experimental design and operating conditions. Fanger's guidance curve was obtained based on experiments in which the operative temperature was kept at about 24 °C (probably at the height of 60 cm), which essentially guarantees thermally neutral conditions for all body parts with summer cloth. In the experiments, the increment of the ceiling temperature was balanced by a reduction of room air and wall temperatures. It was claimed that this method was suitable for simulation of most cases in practice, which may not be true for a dedicated radiant heating ceiling system. In their experiment, the Figure 11 . Comparison between the two methods for calculating the percentage of dissatisfied (PD) with respect to different scenarios, and the reference PPD values obtained using PPD-PMV equation given by Fanger and ASHRAE-55 [7, 33] . The red bars are based on the direct question about overall satisfaction; whereas, the middle green bars present the PD for the method suggested by Fanger based on the overall thermal sensation votes. S1-S12 are the scenarios stated in Table 3 .
The most important reasons for this inconsistency can be found in the experimental design and operating conditions. Fanger's guidance curve was obtained based on experiments in which the operative temperature was kept at about 24 • C (probably at the height of 60 cm), which essentially guarantees thermally neutral conditions for all body parts with summer cloth. In the experiments, th increment of the ceiling temperature was balanced by a reduction of room air and wall temperatures. It was claimed that this method was suitable for simulation of most cases in practice, which may not be true for a dedicated radiant heating ceiling system. In their experiment, the minimum radiant asymmetry temperature (about 0.5 • C) happened at the ceiling temperature of 24.1 • C, which was about equal to the room air temperature, the operative temperature, and the wall surface temperatures. Therefore, at this neutral operative temperature, obviously increasing the ceiling temperature and consequently the radiant temperature asymmetry increasingly created local discomfort for the occupants, especially at the head which was closest to the warm ceiling.
In contrast, in our experiments, the minimum radiant asymmetry was 2.9 K (corresponding to the ceiling and window temperatures of 28 and 15.5 • C, respectively), where the high percentage of dissatisfaction due to the cold and uncomfortable extremities was seen (see Figures 7 and 9 ). As presented in Table 3 , although the operative temperature for all scenario was between 20.5 • C and 23.5 • C and according to the PMV calculations it was about the neutral thermal condition for a person having winter clothing (clo: 1) [34], the participants voted cool/cold at extremities. Apparently, the local discomfort particularly at extremities for the low radiant surface temperatures noticeably influences the satisfaction of occupants, in which more than 40% of occupants were dissatisfied with the ceiling temperature of 28 • C. Increasing the ceiling temperature and consequently the radiant temperature asymmetry influenced the PDs obtained by the first two methods differently. As seen from Figure 11 , at each of four groups of scenarios (related to ceiling temperatures), the overall percentage of dissatisfaction obtained by the direct satisfaction question was minimum for the ceiling temperature of 38 • C. These results presented in the following figures imply that not only increasing the ceiling temperature and consequently the radiant temperature asymmetry to specific values reduces dissatisfaction, but also thermal satisfaction increases in case all body parts are perceived about thermal neutral conditions. However, the PD based on the overall thermal sensation has its minimum at the ceiling temperature of 33 • C and the PD increases with an increasing ceiling temperature from 33 to 38 • C. Interestingly, the curve obtained based on the TSVs closely follows the guidance curve by Fanger beyond radiant asymmetry temperatures of 8 K. Additionally, the analyses suggest that a further increase of the ceiling temperature may cause local thermal discomfort at some body parts near to the warm ceiling or may cause asymmetric thermal sensation between the head and extremities. The influence of higher ceiling and radiant asymmetry temperatures on the thermal satisfaction will be discussed in the future work. However, for an application in building renovation, with a higher quality of the building envelope, such radiant asymmetry temperatures beyond 8K are getting unlikely.
Moreover, according to the former studies done by Fanger [35] for calculation of the percentage of dissatisfaction in the uniform thermal environments, Fanger [5] claimed that the criteria as 5% dissatisfied participants could presumably be applied for the overhead radiant systems. However, the comparison between Figure 7 and the PPD values obtained based on the satisfaction question shown in Figure 10 clearly indicate that although about 20% of participants were dissatisfied at the relatively high asymmetry temperatures created by the ceiling temperature of 38 • C, the participants felt "neutral" at the majority of body parts, especially for scenario S12. However, the PD values based on the overall thermal sensation votes have considerably lower values than PD values based on satisfaction question; yet, the values were not below 10%. As seen in Figure 11 , interestingly, the PD based on TSVs are about the same as the PPDs by Fanger for an asymmetry between 7.3 and 7.8 K.
In the other cases, the PPD underestimated the percentage of dissatisfied. The PPD increased to about "neutral, 0", if the ceiling temperature increased.
Conclusions
In the present study, the potential application of a low-temperature radiant ceiling system in buildings with low-and high-performance façades was evaluated based on the comfort criteria. Subjective experiments (within-subject design) related to twelve scenarios were performed with 30 young subjects (19-30 years old) in an indoor test facility in winter 2017-2018. These scenarios were developed based on a combination of three ceiling surface temperatures (28, 33 and 38 • C), two window temperatures of 15.5 and 19 • C for imitation of conventional and advanced windows, respectively, and distances of 1 m and 3 m to the window. The effect of the radiant heating ceiling system, the cool window, and distance to the cool window on the local thermal sensation and comfort of occupants, thermal sensation asymmetry, and radiant temperature asymmetry was investigated using questionnaires and physical measurements of skin temperature and thermal environmental properties. The analyses based on this laboratory research were limited to the scope of this study, where the occupants had winter clothing and wall temperatures were close to room air temperature for a more realistic simulation of conditions in practice. The analyses were limited to the responses of fifteen subjects sitting at one of the two positions in respect to the window, in which the number of participants was vindicated based on former studies [5, 11, 15, 36] . From the research that was carried out, the key findings can be summarized as follows:
• Overall, the results imply that the radiant ceiling heating system operating at low temperatures (below or equal to 38 • C) can provide about 'neutral' thermal sensations at the majority of body-parts at two positions (1 m and 3 m) in respect to both cool and warm windows (15.5 and 19 • C).
•
The warm ceiling operating at 33 and 38 • C has about the same impact on local thermal sensation and comfort, if the building envelope follows advanced building energy-efficiency regulations.
• Application of highly insulated façade mostly influences local thermal sensation perceived by those occupants, who sit near to the façade, if the radiant ceiling system operates at relatively low temperatures. The temperature of the façade has minimum influence on local thermal sensation at relatively high ceiling surface temperatures.
Beyond expectation, the head was perceived as the most comfortable body-part, even though the head was the closest body-part to the warm ceiling and it is the most sensitive upper extremity to the warm condition. It is in contradiction with the results presented by Fanger [5] , that discomfort due to a warm head happened almost as often as discomfort due to cold feet.
The results indicated that the PMV index does not assess the perceived thermal feeling of the occupants exposed to asymmetric radiant fields correctly.
• Finally, according to former studies done by Fanger and ASHRAE-55 [5, 7] , it was claimed that the criteria of 5% dissatisfied participants could presumably be applied for the overhead radiant systems. The limit of radiant temperature asymmetry corresponding to 5% dissatisfaction is 4 K. However, our experimental analyses clearly indicate that although more than 10% of participants were dissatisfied at the relatively high radiant asymmetry temperatures (7.5 K) created by the ceiling surface temperature of 33 • C, the participants can still feel "neutral" at the majority of body parts. Therefore, the radiant asymmetry temperature of 7.5 K for the dissatisfaction limit of 10% is recommended, if occupants have the winter cloth and the operative temperature is in the range that about "neutral" conditions are guaranteed.
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